Introduction
In mammals, skin is a complex organ wherein different anatomic components, such as the epidermis, dermis, hair follicles, and sweat glands, and cell types such as keratinocytes, melanocytes, and adipocytes fulfill diverse specialized functions. One of the major functions of the skin is the regulation of body temperature by sweating. In this Abstract A major function of the skin is the regulation of body temperature by sweat secretions. Sweat glands secrete water and salt, especially NaCl. Excreted water evaporates, cooling the skin surface, and Na + ions are reabsorbed by the epithelial sodium channels (ENaC). Mutations in ENaC subunit genes lead to a severe multi-system (systemic) form of pseudohypoaldosteronism (PHA) type I, characterized by salt loss from aldosterone target organs, including sweat glands in the skin. In this study, we mapped the sites of localization of ENaC in the human skin by confocal microscopy using polyclonal antibodies generated against human αENaC. Our results reveal that ENaC is expressed strongly in all epidermal layers except stratum corneum, and also in the sebaceous glands, eccrine glands, arrector pili smooth muscle cells, and intra-dermal adipocytes. In smooth muscle cells and adipocytes, ENaC is co-localized with F-actin. No expression of ENaC was detected in the process, sweat glands secrete water and ions, especially Na + and Cl − , electrolytes that are present at high concentrations in the extracellular fluid (ECF) (Sato et al. 1989; Shibasaki and Crandall 2010) . Water excreted in sweat evaporates, cooling the skin surface, and Na + is reabsorbed by the epithelial sodium channels (ENaC).
ENaC is composed of three homologous subunits that are expressed mainly in high resistance epithelia (Hanukoglu 2017; Hanukoglu and Hanukoglu 2016) . The main regulator of ENaC expression is the renin-angiotensin-aldosterone system (Rossier et al. 2015) . The aldosterone binding mineralocorticoid receptor is expressed in the human skin, specifically in keratinocytes, sweat, and sebaceous glands, and fulfills important roles in skin biology (Kenouch et al. 1994; Farman et al. 2010) . Already in 1970, Collins et al. showed that injection of aldosterone decreases sweat Na + levels (Collins et al. 1970) presumably by stimulating Na + reabsorption.
In 1996, we reported that the severe multi-system form of pseudohypoaldosteronism (PHA) type I (a syndrome of aldosterone unresponsiveness) results from loss-of-function mutations in genes that code for ENaC subunits (Strautnieks et al. 1996; Chang et al. 1996) . In our first description of the multi-system PHA, we had reported that these patients lose salt from aldosterone target organs, including sweat glands in the skin (Hanukoglu 1991) . Salt loss from the sweat glands may be especially severe in hot ambient temperatures, and together with recurrent lower respiratory tract, infections contribute to the severity of the disease mimicking aspects of cystic fibrosis phenotype (Hanukoglu et al. 1994) . In cystic fibrosis patients who lack functional CFTR (cystic fibrosis transmembrane conductance regulator) chloride channels, absorption of salt is impeded despite the fact that ENaC is functional. In sweat glands, the dysfunction of CFTR creates conditions under which ENaC function is inhibited. Consequently, salt that is excreted with sweat is not reabsorbed by ENaC and leads to salt loss via the sweat (Reddy et al. 1999) .
In a series of elegant gene-deletion studies, Hummler et al. demonstrated that besides ENaC's function in salt reabsorption in the skin, ENaC also has an essential role in epidermal differentiation, epidermal permeability barrier function, and epidermal cell migration (Mauro et al. 2002; Frateschi et al. 2010; Yang et al. 2013) . A recent study provided evidence that ENaC plays a major role in the regulation of the hydration status in skin wounds and development of fibrosis (Xu et al. 2015a) .
Previous studies provided evidence for the expression of the α, β, γ, and δ subunits of ENaC in the epidermis (Duc et al. 1994; Roudier-Pujol et al. 1996; Brouard et al. 1999; Oda et al. 1999; Yamamura et al. 2008a ). However, much of the data in these studies are about mRNA expression rather than protein localization, and the studies that have examined histochemical staining are generally of low resolution with, in some cases, doubtful identification of cells.
The major objective of the present study was to map by confocal microscopy the sites of expression of ENaC in the human skin and epidermal appendages, including hair follicles, sebaceous glands, eccrine sweat glands, smooth muscle cells of pili, and intra-dermal adipocytes (Fig. 1) . For this purpose, we used the polyclonal antibodies generated against the extracellular domain of human αENaC that provided strong immunofluorescence signals (Enuka et al. 2012 ). In addition, we also compared expression of ENaC with CFTR. Our results documented here reveal that ENaC is expressed strongly in the epidermis, sebaceous glands, eccrine glands, smooth muscle cells, and intra-dermal adipocytes in the skin but hardly shows any expression in the dermis. We further documented major differences in the intracellular localization of ENaC in the epidermis and epidermal appendages as compared to other epithelial cells in the uterus, reproductive tract, and respiratory tract that we had examined previously (Enuka et al. 2012 ).
Materials and methods

Antibodies
Rabbit anti-α-ENaC antisera against the extracellular domain of human α-ENaC were generated in our lab (Enuka et al. 2012) . Antibody against the C-terminus of Fig. 1 Schematic view of a human skin section showing the epidermis, dermis, and the epidermal appendages-sebaceous glands, eccrine glands, hair follicles, and arrector pili muscle-examined in this study human CFTR (monoclonal mouse IgG2A) was from R&D systems (MAB25031). Secondary antibodies, goat antirabbit IgG (Alexa Fluor 594 conjugate, A-11037), and goat anti-mouse IgG (Alexa Fluor 488 conjugate, A-11029) were purchased from Life Technologies.
Skin samples and sectioning
Human skin samples were obtained post-operatively and were frozen immediately at −20 °C (for western blots) or placed in 4% formaldehyde in phosphate buffered saline (PBS) (10 mM potassium phosphate, pH 7.4, and 150 mM NaCl) overnight (for immunofluorescence). The list of skin specimens is shown in Table 1 .
Skin samples in formaldehyde were transferred to 30% sucrose and kept at 4 °C for at least 24 h. Tissues were then embedded in OCT compound (Tissue-Tek, Sakura, Netherlands), frozen, and stored at −80 °C. Tissue blocks were sliced to 15-30 µm-thick sections on a cryostat (Leica Jung Frigocut 2000, Wetzlar, Germany) at −25 °C and collected in PBS containing 0.1% sodium azide. Hair-root samples were sliced into 40 µm-thick sections as described for skin samples.
The study was approved by the institutional ethics committee of the E. Wolfson Medical Center.
Patients
For this study, we have reviewed the history of dermatological findings in five patients with multi-system PHA who have been under our care for up to 30 years. All patients had deleterious mutations in genes encoding for ENaC subunits (Table 2) . Except for patient DA, molecular analysis and endocrine findings of the patients were previously reported Hanukoglu et al. (1994); Chang et al. (1996) Miliaria rubra over the body at ages 1.6, 2.9, 3.7 years. Intermittent atopic dermatitis like rashes over the neck and lower extremities until the age of 8 y especially during hot summer days No skin eruptions since then RG 26 M SCNN1A Hanukoglu et al. (1994) ; Kerem et al. (1999) Miliaria rubra, folliculitis over the lower extremities due to excessive sweating especially during hot summer days. Less frequent with age Allergic to milk protein, dust mite resulting in urticaria when exposed to allergens RT 26 M SCNN1A (Hanukoglu et al. 1994; Kerem et al. 1999 (Table 2 ). Dermatologic findings were not included in these previous reports.
Immunofluorescence staining
Tissue sections were permeabilized with 0.1% Tween-20 (Sigma-Aldrich) in PBS for 10 min and washed three times in PBS for 5 min each. The sections were then incubated in 100 μl 4% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS for 20 min, washed with PBS for 5 min, and incubated overnight at 4 °C with primary antibody (1:25 dilution) in PBS containing 2% BSA. Sections were then washed three times in PBS (5 min each) and incubated with the secondary antibodies (at 1:100 dilution) in PBS containing 2% BSA for 1 h. After three 5 min washes with PBS, nuclei were stained using DAPI (4′6-diamidino-2-phenylindole) for 1 min. Unless otherwise indicated, all the steps were carried out at room temperature. In control experiments, the same protocol was repeated without adding the primary antibody. In such control slides, only the blue DAPI staining was visible.
F-actin staining of tissue slices was performed using a CF488A Phalloidin conjugate (Biotium, Hayward, CA, 1:20 dilution) in PBS containing 2% BSA for 20 min immediately after washing the secondary antibodies.
The sections were then transferred onto X-tra Adhesive slides (Leica Biosystems, Peterborough, UK), dried at room temperature for ~5 min, and covered with mounting solution glycerol containing n-propyl gallate (Sigma-Aldrich) in 100 mM phosphate buffer (pH 7.2). All the experiments were performed at least three times with independent samples.
Confocal microscopy
High-resolution fluorescent images were captured using LSM 700 confocal microscope (Carl-Zeiss, Germany). The laser diodes used were 405 nm for excitation of DAPI, 555 nm for excitation of Alexa fluor 594, and 488 nm for excitation of CF488A and Alexa Fluor 488. Fluorescence and bright-field illumination modes were used during image acquisition process. Sections were visualized through EC Plan-Neofluar 40×, or Plan-Apochromat 63 × oil objective lenses. Three-dimensional images were acquired along Z-axis (Z-stacking) using 40 × objective, and pinhole size was adjusted for each channel to the diffraction limit of 2.08 Airy units.
Protein gel electrophoresis and Western blots
Frozen skin samples from the abdominal region were homogenized in 50 mM Tris, pH 7.4, 1 mM EDTA, and protease inhibitor cocktail at 4 °C and stored at −80 °C.
Protein concentration was determined by the Bradford assay (Bio-Rad) using BSA as a standard. For electrophoresis, protein samples were dissolved in gel sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 0.2% bromophenol blue, 10% glycerol, and 100 mM DTT), heated at 98 °C for 5 min, and loaded onto 8.5% polyacrylamide gel.
Proteins were separated by electrophoresis and transferred onto nitrocellulose membrane (Bio-Rad) using a Bio-Rad apparatus. Initially, the membrane was blocked using 1% milk in PBS for 45 min at room temperature. The blot was then incubated with rabbit anti-α-ENaC antisera (1:1000) in PBS containing 2% bovine serum albumin at 4 °C overnight. The blot was washed four times in PBST (0.1% Tween-20 in PBS, 5 min per wash).
The blot was incubated with secondary antibody (Fluorescence DRX-800 goat anti-rabbit IgG from Li-COR Biosystem) (diluted 1:10,000) in freshly prepared PBS containing 2% BSA for 90 min at room temperature. The membrane was washed four times in 0.1% PBST for 5 min each and then taken for scanning in an LI-COR fluorescence imaging biosystem.
Check for glycosylation by PNGaseF digestion
In the initial western blots of skin samples, we observed bands at molecular weights higher than that observed in the kidney and lung. To examine the possibility that these bands may represent glycosylated proteins, we prepared samples treated with Peptide-n-Glycosidase F (PNGase F) that cleaves between the innermost GlcNAc and asparagine residues in N-linked glycoproteins (P0705S from New England Biolabs). For this purpose, 200 µg of human skin samples were mixed with Glycoprotein denaturing buffer (10×) and kept at 100 °C for 10 min and then chilled on ice. The digestion was carried out in the glycoprotein reaction buffer, including NP-40 and the enzyme PNGase F as recommended by the manufacturer at 37 °C for 4 h.
Results and discussion
In this study, we examined "thin" skin samples from different areas of the body, including abdomen, arm, ear, cheek, temple, scalp, and neck (N = 15; seven males, eight females) (Table 1) . We mapped the sites of localization of ENaC, and CFTR using antibodies noted in "Methods". The nuclei were stained using DAPI, and F-actin cytoskeleton was stained using a fluorescent phalloidin conjugate.
Below, we present and discuss our results grouped into the following subsections: (1) epidermis and dermis; (2) hair follicles; (3) sebaceous glands; (4) eccrine glands; (5) arrector pili; and (6) intra-dermal adipocytes.
Expression of ENaC in the epidermis
Immunofluorescence imaging using anti-αENaC antibodies revealed that ENaC is expressed uniformly in all the cells of the epidermal sub-layers (stratum basale, stratum spinosum, and stratum granulosum) except the top keratinized (cornified) layer (stratum corneum) that is composed of dead and flattened cells without nuclei (Fig. 2) (Candi et al. 2005) . This observation applies to all the body areas examined (Table 1) .
In contrast to epidermis, we did not detect ENaC immunofluorescence in the dermis that lies below the epidermis (Fig. 2) . However, as detailed below, ENaC expression was also detected in various epidermal appendages that are partly embedded in the dermal layer.
The stratum basale of the epidermis contains mainly keratinocytes, but also melanocytes and rare Merkel cells. Since all the cells of the lower epidermal layers showed ENaC immunofluorescence uniformly, it appears that non-keratinocyte cells of the epidermis, including melanocytes and Merkel cells, also express ENaC. An earlier study already showed expression of ENaC subunit mRNAs in a human melanoma cell line derived from melanocytes (Yamamura et al. 2008b ).
Higher magnification imaging of the keratinocytes of the epidermis revealed that ENaC is located nearly uniformly in the cytoplasm in a granular distribution that may represent tiny vesicles (Fig. 3) . This distribution within the cytoplasm is very different from the pattern of expression of ENaC in epithelial cells in the female reproductive system, where ENaC is localized specifically to the apical membrane and to the cilia in ciliated cells with hardly any staining in the cytoplasm except for few isolated vesicles (Enuka et al. 2012) .
It is noteworthy that ENaC immunofluorescence abruptly ends at the keratinocyte cell border and no staining is detected in the inter-cellular space between keratinocytes (Fig. 3) . In the epidermis, the keratinocytes are interconnected by adherens junctions (Fuchs and Nowak 2008) . The inter-cellular space is occupied by the interdigitated extracellular segments of cadherins, i.e., glycoproteins that are embedded in the membrane with a single transmembrane segment. The cytoplasmic tails of these cadherins are connected via linker proteins to F-actin (Hulpiau and van Roy 2009; Takeichi 2014; Samuelov et al. 2015) . Thus, the scaffold of the cadherins in the inter-cellular space is anchored to the cytoplasmic actin filaments that run in parallel to the cell membrane. We were the first to clone and sequence an actin cDNA expressed in the human epidermis (Hanukoglu et al. 1983) . In keratinocytes, the actin filaments are visualized using fluorescent phalloidin (Fig. 3) . Because of the short distance between the actin filaments in neighboring cells, the actin filaments of both neighbors are seen as a common thick border between the neighboring cells (Fig. 3) . The cell membranes of the neighboring cells should, therefore, be located in about the middle of the phalloidin staining of actin filaments. The absence of ENaC immunofluorescence in between the cells indicates that either ENaC is not localized here, or that it cannot be detected because of the dense filaments.
It is also noteworthy that there was no overlap between ENaC (red) and DAPI (blue) immunofluorescence, indicating that ENaC is not localized in cell nuclei. A recent article has reported co-localization of ENaC immunofluorescence with DAPI stained nuclei in epidermal sections (Li et al. 2014 ). We have not observed any localization of ENaC in nuclei in any tissue that we have so far examined.
In a recent study that examined localization of sodium channels (ENaC and Nax) by immunofluorescence, by far, the most intensive site of ENaC localization appeared at the stratum corneum at the edge of the skin section and above the suprabasal cell layer [see intense green color in Figs. 3a, 4c of the study by (Xu et al. 2015b) ]. We have not seen such immunofluorescence in the stratum corneum Fig. 2 Expression of ENaC in the human skin. A skin section was reacted with DAPI (blue) and anti-α-ENaC (red), as described in "Methods". a Blue-colored DAPI staining of cell nuclei. b Anti-α-ENaC immunofluorescence (red). c Merged image of (a) and (b). Note that red fluorescence for ENaC is observed only in the epidermal layer. The DAPI stained areas marking the cell nuclei are devoid of ENaC immunofluorescence. The dermis below the epidermis was not stained with anti-α-ENaC. All layers of the epidermis above the dermis, from the basal layer (stratum basale) to the subcorneal layer, showed uniform staining for ENaC. Skin sample: HSKIF04 from the abdomen. Scale bars 50 μm that is composed of dead and flattened cells without nuclei (Candi et al. 2005) . The authors of the study (Xu et al. 2015b) did not comment about the meaning of apparent localization of sodium channels in this dead layer of cells of stratum corneum that may be the result of a non-specific interaction.
Expression of ENaC in hair follicles
Hair follicles develop from stem cells located in discrete compartments (niches) (Waters et al. 2007) . A hair follicle is formed in several concentric layers; the main ones of which include the outer root sheath, the inner root sheath, and the hair shaft (Schneider et al. 2009 ). Figure 4 shows ENaC immunofluorescence in a hair follicle together with the bright-field view of the hair shaft. To understand the distribution of ENaC in a hair follicle, we also examined the ENaC distribution by immunofluorescence staining of a hair follicle in a cross section of a plucked hair (Fig. 5 ). In these cross sections, ENaC immunofluorescence was only observed in the outer (external) root sheath but not in the inner root sheath and the hair shaft (Fig. 5) . The cortex and the medulla of the hair shaft were devoid of any staining (Fig. 5) .
Expression of ENaC and CFTR in the sebaceous glands
Sebaceous glands develop from epithelial stem cells located above the bulge area of the hair follicle (Smith and Thiboutot 2008; Eckert et al. 2013 ). In the acini of these glands, the peripheral cells are small and mitotically active and differentiate to form the large so-called "central cells" that are full of cytoplasmic lipid droplets. These central cells excrete sebum via the excretory duct of the gland connected to the hair follicle.
ENaC immunofluorescence is strong in both peripheral and central cells of the sebaceous gland (Fig. 6 ). ENaC staining is observed only in the cytoplasmic space in between the lipid vesicles (Fig. 6) . As in other parts of the epidermis, the DAPI stained area of the cell nucleus is free of ENaC immunofluorescence (Fig. 6) .
While ENaC immunofluorescence is uniform in the central cells, CFTR immunofluorescence is strongest in the cell border of the central glands, and the cytoplasmic staining is weaker (Fig. 7) . We have also observed CFTR immunofluorescence in the epidermal cells but at a much lower intensity (Fig. 7) . Double reaction with both anti-ENaC and anti-CFTR showed that both channels are co-localized (results not shown).
Expression of ENaC and CFTR in eccrine sweat glands
Eccrine sweat glands are formed by a coiled, convoluted structure of secretory cells. The coil is connected to the skin surface by a sweat duct (Cui and Schlessinger 2015) . We could identify the eccrine glands in skin sections by typical clusters of tubular structures in the dermal layer, which are formed by two concentric layers of cells (Fig. 7) . In contrast to the epidermal cells, ENaC immunofluorescence in these cells was strongest on the apical surface of the cells facing the lumen (Fig. 8) . In a different section, an isolated duct showed strong expression of ENaC (Fig. 9 ). Since this duct was surrounded by two concentric layers of cells, without a similar duct around it, we assume that it is part of the secretory duct of an eccrine gland. Similar to ENaC, CFTR is also located on the apical membrane facing the lumen (Fig. 10) .
The two layers of cells surrounding the eccrine gland duct have been named suprabasal and basal cells (Cui and Schlessinger 2015) . In our results, both ENaC and CFTR immunofluorescence are detected on the luminal side of the duct. Thus, in eccrine glands, these channels are apparently expressed in suprabasal cells. 
Expression of ENaC in arrector pili muscle cells
Arrector pili are small bundles of smooth muscle cells that are connected to the hair follicle at one end and to the connective tissue in the dermal layer of the skin at the other end. Contraction of this muscle pulls the hair to stand erect, causing the so-called goosebumps effect (Torkamani et al. 2014) . The actin cytoskeleton is a central component of the (a, b) . In this image, there are four glands around a hair follicle. CFTR immunofluorescence (green) is observed on both epidermal cells and hair follicle cells, but it is strongest on the surface of central cells with cytoplasmic vesicles. The strong green CFTR immunofluorescence delineates the boundaries of the central cells in the gland. Note that there is no overlap between the blue DAPI stain and the green CFTR stain, i.e., CFTR is not located in cell nuclei. Skin sample HSKIF13 from the temple. Scale bars 50 μm smooth muscle contractile apparatus (Lehman and Morgan 2012; Arnoldi et al. 2013) . To identify arrector pili muscle bundles, we reacted skin sections with fluorescently labeled phalloidin that binds to F-actin filaments. The phalloidin fluorescence (green) was specifically localized to smooth muscle cell bundles next to a hair follicle (Fig. 11) . ENaC immunofluorescence was also strong in these muscle bundles (Fig. 11) . In a cross section of smooth muscle cells, both F-actin and ENaC fluorescence were specifically localized to the cytoplasm (Fig. 12) . At present resolution, it is not possible to state conclusively that ENaC is also localized on the cell membrane.
Expression of ENaC and CFTR in intra-dermal adipocytes
Commonly, subcutaneous adipose tissue has been referred to as subcutaneous fat in the hypodermis (Wronska and Kmiec 2012) . Recent research has revealed that the origin of adipocytes in the dermal layer is different from those in the subcutaneous tissue (Kruglikov et al. 2016 ). Therefore, a clear distinction has been drawn between dermal adipocytes versus subcutaneous white adipose tissue (Driskell et al. 2014 ). This distinction is especially evident in mouse skin sections: in the subcutaneous adipose tissue below the panniculus carnosus, adipocytes dominate in rather uniform layers of cells. In contrast, in the dermis, small clusters of adipocytes are interspersed between diverse cell types common in the dermis (Mori et al. 2014) .
Mature adipocytes generally contain a single large lipid droplet that fills most of the cell volume. Thus, the cytoplasm occupies a very thin layer alongside the cell membrane. The cell nucleus and other subcellular organelles are "squeezed" into this thin layer of the cytoplasm (MartinezSantibañez et al. 2014 ). In the lower dermal layer of some human skin samples, we could easily visualize groups of adipocytes interspersed among ductal structures. In these adipocytes, ENaC immunofluorescence was strong in the cytoplasm that lines the cell membrane (Fig. 13) . Staining of the sections with fluorescent phalloidin showed that in dermal adipocytes, there is a sheet of actin fibers juxtaposed to the cell membrane as previously reported in other types of adipocytes (Kanzaki and Pessin 2001) . In the merged view of ENaC and F-actin-phalloidin immunofluorescence, at red-green overlaps, the color changes to yellow suggesting co-localization (Fig. 13) .
Overall, our results establish that ENaC is expressed in the dermal adipocytes. Yet, because of the thin a, b) . In contrast to keratinocytes (see Figs. 2, 3, 4, 5) , in eccrine glands, expression of ENaC is strongest on the apical cell surface facing the lumen. Skin sample HSKIF09 from an auricle. Scale bars 50 μm Fig. 9 Expression of ENaC in a cross section of an eccrine gland duct. ENaC immunofluorescence is seen in the lumen of the duct as a red circle. This image is assumed to represent an eccrine gland duct based on the fact that the lumen is surrounded by two rows of cells as in eccrine glands, but it was isolated in the section appearing by itself without other similar structures around it. Skin sample HSKIF13 from the temple. Scale bar 20 μm ultrastructure of the adipocytes, we cannot state the precise location of ENaC, whether it is in the cytoplasm or the cell membrane, or both. Similar to ENaC, CFTR immunofluorescence is also located in a thin strip along the adipocyte surface (Fig. 14) .
Western blot analysis of ENaC expression in skin
ENaC subunits are heavily glycosylated, and the glycosylation sites of these proteins are mostly conserved across species Snyder et al. 1994; of (a, b) . Note that as shown in Fig. 8 for ENaC, CFTR immunofluorescence (green) is localized in the lumen of two concentric layers of cells. Skin sample HSKIF15 from the scalp. Scale bars 50 μm Blue-colored DAPI imaging was over-exposed marking the surrounding connective tissue in addition to cell nuclei. Note that image with the merger of all three colors shows a color change for the actin and ENaC staining indicating that both colors are overlapping. This is expected as both actin and ENaC are localized in the cytoplasm, as shown in Fig. 12 . Skin sample HSKIF14 from the cheek. Scale bars 50 μm and Hanukoglu 2016). In addition, ENaC subunits are cleaved by proteases at specific sites (Chen et al. 2014; Hanukoglu and Hanukoglu 2016) . Thus, on Western blot reacted with anti-ENaC antibodies, in general, several cross-reactive bands are observed. These bands represent the following forms of the protein: (1) unglycosylated protein at ~70-78 kDa; (2) glycosylated forms at 90-100 kDa; and (3) protease cleaved forms at <50 kDa.
In our repeated western blots of the human skin samples, we observed major bands at ~50 and 90-100 kDa range but did not observe a band at ~75 kDa. These observations were consistent with the previous observations based on protein samples from the human epidermis and cultured keratinocytes that showed bands at ~90 kDa but no band at ~75 kDa (Oda et al. 1999) . To verify that these bands represent ENaC subunit forms, we carried out competition Fig. 12 Expression of actin (green) and ENaC (red) in a cross section of arrector pili muscle cells. The section was stained with DAPI (blue), fluorescently labeled CF488A Phalloidin conjugate (green), and anti-α-ENaC (red). a DAPI + phalloidin staining. b DAPI + ENaC immunofluorescence. Note that in the smooth muscle cells, actin fills the cytoplasm. Similarly, ENaC expression is strong in the cytoplasm. As in the previous images, the cell nuclei are marked by the blue color of DAPI. Skin sample HSKIF10 from the abdomen. Scale bar 100 μm Similarly, ENaC is also localized in a thin cytoplasmic strip in between the cell membrane and the lipid vesicle that fill the cell. The merged image shows that the nuclei stained with DAPI remain with the same blue color. However, instead of red and green colors, a yelloworange color appears indicating that localizations of ENaC and actin filaments are overlapping. Skin sample HSKIF15 from the scalp. Scale bars 50 μm experiments wherein we pre-incubated the anti-ENaC antibody with purified rat alpha subunit. The results of these competition experiments showed that the intensity of the bands in the blot that was reacted with the anti-ENaC incubated with purified rat alpha ENaC was greatly reduced (unpublished).
To examine the possibility that the high MW bands represent glycosylated forms, we carried out two experiments with PNGase F digestion, as described in "Methods". In both experiments, the intensity of the bands in the 90-100 kDa range was greatly reduced and a new band appeared at ~80 kDa (Fig. 15) . These results confirm that the bands at ~90 kDa represent glycosylated forms of the alpha ENaC subunit.
Summary of ENaC distribution in skin
In a previous study, we mapped the sites of localization of ENaC in the female reproductive tract and the bronchus. In both these tissues, ENaC was found to be localized to the cell membrane in non-ciliated epithelial cells and on the cilia surface in multi-ciliated cells (Enuka et al. 2012) . In skin, ENaC was localized specifically to the apical cell membrane only in the eccrine sweat glands (Figs. 8, 9 ). This localization matches the expected function of ENaC as the channel that reabsorbs Na + from sweat excretions. In contrast to eccrine glands, in the epidermal layers and the epidermal appendages, including sebaceous glands, smooth muscle cells of arrector pili, and intra-dermal adipocytes, ENaC was localized to the cytoplasm. Since the cytoplasm is adjacent to the cell membrane, the microscopic resolution does not permit distinction between cytoplasmic and membrane localization.
In adipocytes and smooth muscle cells, ENaC and F-actin filaments appear co-localized (Figs. 11, 13) . A recent article has reviewed the previous studies suggesting direct and indirect interactions between ENaC and actin cytoskeleton (Sasaki et al. 2014) .
Skin manifestations in multi-system pseudohypoaldosteronism patients
In view of the widespread expression of ENaC in epidermal layers, we reviewed the clinical records of five patients with multi-system PHA who carry mutated ENaC genes and who have been under our care up to 30 years (see Fig. 13 , CFTR is also localized in a thin cytoplasmic strip in between the cell membrane and the lipid vesicle that fills the adipocyte. Skin sample HSKIF13 from the temple. Scale bars 50 μm Fig. 15 Western blot of total protein samples from bovine and human lung (50 μg/lane) and human skin samples, including epidermis and dermis (200 μg/lane). In both the bovine and human lung samples, the major band was at ~75 kDa, with additional bands at Mr values of 50 and 100. The undigested human skin sample (-PNGase) showed bands at ~50 and 90-100 kDa range but no detectable band at ~75 kDa. In the sample treated with PNGase (+PNGase), the intensity of the 90-100 kDa bands was highly reduced and a new band appeared at ~80 kDa (marked with an asterisk). The blot was reacted with the LI-COR biosystem antibodies, and scanned using LI-COR fluorescence imaging biosystem, as described in "Methods". The background was uniformly reduced across the blot using the LI-COR image studio 1 3 "Materials and methods"). As we reported in the past, all patients suffer from impaired salt reabsorption in skin resulting in salt loss via sweat secretions (Hanukoglu 1991; Hanukoglu et al. 1994; Chang et al. 1996; Edelheit et al. 2005) . Salt losing aggravates during hot summer days and/ or when ambient temperatures are high. Most of the cases exhibit chronic rhinorrhea as a result increased airway fluid secretion and they have increased salivary sodium concentrations (Kerem et al. 1999 ). All our patients have long standing skin irritation of various degrees around perioral and perinasal regions due to chronic rhinorrhea and salty salivary secretions (Fig. 16) (Table 2) .
Some patients develop folliculitis, pustular, and atopic dermatitis-like skin lesions, over different body regions (Fig. 16 ). Beside such localized skin lesions that eventually ameliorate with age, we have not observed widespread skin abnormalities in our PHA patients during the course of up to 30 years of clinical follow-up (three of our oldest patients are 27-30 years). Skin manifestations in these patients are summarized in Table 2 . None of our patients have suffered from delayed wound healing.
In the literature, there are several case reports on infants with clinical and endocrine features of autosomal recessive PHA (but without identification of a molecular defect in ENaC genes) that reported erythematous nonfollicular pustules and papules, and miliaria rubra during the first months of life especially when the patient had severe salt wasting crises with marked hyponatremia and hyperkalemia (Aberer et al. 1987; Urbatsch and Paller 2002; Martín et al. 2005; Korkut et al. 2015) . The localized skin lesions could be attributable to sweat gland duct occlusion and inflammation of eccrine glands as a result of salt accumulation-in the absence of salt reabsorption. In a skin biopsy of the leg performed in another young baby who suffered from erythematous papules affecting mainly her trunk and limbs (especially during salt wasting episodes), histologic findings were also consistent with this view (Martín et al. 2005 ).
Functional differences between mouse ENaC gene knockout models and human PHA
The multi-system PHA in humans is actually a gene knockout phenotype that results from mutations in ENaC genes (Chang et al. 1996; Hanukoglu et al. 2008; Hanukoglu and Hanukoglu 2016) . To duplicate this syndrome, Hummler et al. generated mouse models with knockout of genes encoding for ENaC subunits (Frateschi et al. 2010) . The skin phenotypes of mice without a functional α-ENaC gene are very severe and include epidermal thickening, changes in epidermal lipid composition, and impaired barrier function (Frateschi et al. 2010 ). As noted above, in great contrast to the mouse phenotypes, the human PHA cases with ENaC gene mutations do not result in problems of epidermal differentiation and function other than impaired salt reabsorption.
These major differences raise the question of what is responsible for the difference between the mouse and human phenotypes of ENaC gene dysfunction? One simple possibility is that in humans, ENaC does not fulfill a major role in epidermal differentiation as it does in mice. This possibility is difficult to accept because of the widespread localization of ENaC in the epidermal layers.
Before raising an alternative hypothesis for the human vs. mouse phenotypes, we should note a major difference between the human and mouse ENaC genes. In a survey of the phylogeny of ENaC genes, it has been noted that the genes coding for all four ENaC subunits, SCNN1A, SCNN1B, SCNN1G, and SCNN1D, are present in all mammalian genomes examined with the exception of the muridae family of rodents, including Mus musculus, wherein the gene for the delta subunit apparently has been lost (Giraldez et al. 2012; Hanukoglu and Hanukoglu 2016) .
The tissue distribution of δ-ENaC is different from that of other ENaC subunits (Waldmann et al. 1995; Giraldez et al. 2012; Hanukoglu and Hanukoglu 2016) . The δ Fig. 16 Skin manifestations in multi-system pseudohypoaldosteronism type I patients. Left side Skin manifestations over facial, perioral, perinasal, palpebral regions, and the neck of a patient at the age of 2 2/12 years (DA in Table 2 ). Right side Folliculitis over the right thigh of a patient (HS in Table 2 ) at the age of 14.5 years. Note that there was no skin eruption on the left thigh that is only partially visible 1 3 subunit can form a functional channel with the beta and gamma ENaC subunits in the absence of the alpha subunit (Waldmann et al. 1995) . The δ-ENaC is also expressed in the human epidermis and in keratinocytes (Yamamura et al. 2008a) . Based on these characteristics of the δ-ENaC and the differences noted above, we raise the hypothesis that in PHA, the absence of one functional ENaC gene (most commonly the alpha subunit is mutated) (Edelheit et al. 2005) may be compensated for by the presence of δ-ENaC. If this hypothesis is true, it can explain why ENaC gene knockout mice have very severe skin phenotypes as they have no δ-ENaC that can compensate for the dysfunctional ENaC gene. If this hypothesis is true for epidermal cells, apparently, it does not apply to eccrine glands, because PHA cases suffer from impaired salt absorption as noted above.
The function of the cytoplasmic stores of ENaC in epidermal cells and interactions with other sodium channels
Recent studies have provided evidence that ENaC located in keratinocytes is involved in regulating the sodium homeostasis and the hydration status in skin and its activity influences the extent of fibrosis in skin wounds (Xu et al. 2015a, b) . The widespread localization of ENaC subunits in the cytoplasm raises questions about the function and mechanism of activation of these subunits within the epidermal cells. One possibility is that the ENaC subunits in the cytoplasm serve as stores that could be mobilized to be transferred to the membrane in case of a damage to the epidermis. It has been well established that ENaC activity can be enhanced by specific proteolytic cleavage of ENaC subunits (Kleyman et al. 2009; Rossier and Stutts 2009 ). Xu et al. have advanced the hypothesis that a voltage-dependent sodium channel Nax upregulates a membrane-bound serine protease prostasin which in turn activates ENaC in keratinocytes (Xu et al. 2015b) . In addition to these two sodium channels, the epidermis also expresses an Na + /H + exchanger 1 (NHE1) (Li et al. 2014) . Using amiloride as a high affinity inhibitor of ENaC, and other lines of evidence, Xu et al. concluded that ENaC is primarily responsible for the sodium homeostasis in their experimental system (Xu et al. 2015b ). Yet, there is still a big gap in our understanding of the molecular events that lead from the cytoplasmic stores of ENaC to active channels on keratinocyte surface. In view of the large stores of ENaC subunits, we also should not ignore the possibility that the ENaC subunits may have a function within the cytoplasm that is different from their common role as ion channel subunits.
In conclusion, in this study, we have documented widespread expression of ENaC within the cytoplasm in the epidermal layers and epidermal appendages. Yet, the roles of these channel subunits and their mechanism of activation remain to be deciphered.
